Le Foll C, Dunn-Meynell AA., Levin BE. Role of FAT/CD36 in fatty acid sensing, energy, and glucose homeostasis regulation in DIO and DR rats. Am J Physiol Regul Integr Comp Physiol 308: R188-R198, 2015. First published December 4, 2014; doi:10.1152/ajpregu.00367.2014.-Hypothalamic fatty acid (FA) sensing neurons alter their activity utilizing the FA translocator/receptor, FAT/CD36. Depletion of ventromedial hypothalamus (VMH) CD36 with adeno-associated viral vector expressing CD36 shRNA (AAV CD36 shRNA) leads to redistribution of adipose stores and insulin resistance in outbred rats. This study assessed the requirement of VMH CD36-mediated FA sensing for the regulation of energy and glucose homeostasis in postnatal day 5 (P5) and P21 selectively bred diet-induced obese (DIO) and diet-resistant (DR) rats using VMH AAV CD36 shRNA injections. P5 CD36 depletion altered VMH neuronal FA sensing predominantly in DIO rats. After 10 wk on a 45% fat diet, DIO rats injected with VMH AAV CD36 shRNA at P21 ate more and gained more weight than DIO AAV controls, while DR AAV CD36 shRNA-injected rats gained less weight than DR AAV controls. VMH CD36 depletion increased inguinal fat pad weights and leptin levels in DIO and DR rats. Although DR AAV CD36 shRNA-injected rats became as obese as DIO AAV controls, only DIO control and CD36 depleted rats became insulin-resistant on a 45% fat diet. VMH CD36 depletion stunted linear growth in DIO and DR rats. DIO rats injected with AAV CD36 shRNA at P5 had increased fat mass, mostly due to a 45% increase in subcutaneous fat. They were also insulin-resistant with an associated 71% increase of liver triglycerides. These results demonstrate that VMH CD36-mediated FA sensing is a critical factor in the regulation of energy and glucose homeostasis and fat deposition in DIO and DR rats.
Many studies support the idea that specialized hypothalamic metabolic sensing neurons can monitor peripheral fuel availability by altering their activity in response to ambient brain levels of glucose and fatty acid (FA) as a means of regulating body energy and glucose homeostasis (10, 20, 26, 28, 31, 44, 46, 50) . Glucose-excited (GE) neurons increase and glucoseinhibited (GI) neurons decrease their activity as glucose levels rise (2, 11, 20, 22, 47, 54) . Metabolic sensing neurons also possess specialized pathways that allow them to utilize FA as a signaling molecule to regulate their activity (27-30, 44, 48, 59) . Using pharmacological methods, we previously demonstrated that CD36 accounted for at least 50% of the excitatory and inhibitory effects of the long-chain FA (LCFA), oleic acid (OA) in ventromedial hypothalamic nucleus (VMN) neurons, whereas inhibiting any of the steps of neuronal LCFA oxidation accounted for no more than 20% of these effects of OA (28) . We also demonstrated that depleting ventromedial hypothalamus [VMH; arcuate nucleus (ARC) ϩ VMN] CD36 with an adeno-associated virus expressing CD36 shRNA (AAV CD36 shRNA) in outbred Sprague-Dawley rats fed a 45% fat diet had no effect on overall food intake, body weight gain, or total carcass adiposity. However, this depletion led to selective fat deposition in subcutaneous depots and markedly abnormal glucose tolerance (27) . These results demonstrated that CD36 is a critical factor in both VMH neuronal FA sensing and the regulation of energy and glucose homeostasis in outbred Sprague-Dawley rats (27, 28) .
We previously showed that the DIO rat has abnormal VMN neuronal FA sensing (29) . The goal of this study was to assess the effects on energy and glucose homeostasis of altering VMH FA sensing by depleting CD36 in DIO and DR rats. We postulated that, since DIO rats have abnormal neuronal VMH FA sensing and become hyperphagic, obese, and insulinresistant when fed a high-fat diet (34, 37) , impairing VMH FA sensing by depleting CD36 with AAV CD36 shRNA would similarly cause DR rats to develop abnormal VMH neuronal FA sensing and become obese and insulin-resistant when fed a high-fat diet. Additionally, we postulated that further impairing DIO VMH FA sensing by depleting their CD36 would cause them to become even more obese and insulin-resistant than controls when fed a high-fat diet.
METHODS

Animals
Animals were housed at 23-24°C on a 12:12-h light-dark cycle (lights on at 1000). Male rats selectively bred to express the DR or DIO phenotypes (34) were raised in our in-house colony and used for all studies. Litters were culled to 10 pups per dam on postnatal day 2 (P2) and weaned at P21 onto Purina rat chow or a 45% fat diet and water ad libitum, unless otherwise noted. Purina rat chow (no. 5001) contains 13.5% fat, 28.5% protein, and 58% carbohydrate; the 45% fat diet (no. D12451, Research Diets, New Brunswick, NJ) contains 45% fat, 20% protein, and 35% carbohydrate as a percentage of total energy content. The FA composition of the 45% fat diet is 31.4% saturated (37% of palmitic), 35 .5% monounsaturated (64% of oleic), and 33.1% polyunsaturated (56% of linoleic) as a percentage of total fat energy content (Research Diets).
During the course of all experiments, cumulative food intake and body weight measurements were obtained weekly. All work was in compliance with the Institutional Animal Care and Use Committee of the East Orange Veterans Affairs Medical Center.
Adeno-Associated Viral Vectors
Murine CD36 open reading frame was PCR-amplified from brain cDNA library with a COOH terminal FLAG tag and subcloned into an adeno-associated virus (AAV) expression plasmid to generate AAV.CD36. A control vector (AAV.mCherry) was designed to express mCherry-FLAG. The expression of both transgenes is regulated by a hybrid cytomegalovirus/chicken ␤-actin promoter. Virus stocks were prepared by packaging the vector plasmids into AAV serotype 2 particles using a helper-free plasmid transfection system. The vectors were purified using heparin affinity chromatography, dialyzed against PBS, supplemented with 2 mmol/l MgCl 2, and diluted to 10 12 genomic particles per milliliter (27) .
Stereotaxic Surgery
Separate groups of P5 and P21 DR and DIO rats were stereotaxically injected bilaterally with 0.4 l of saline containing 2 ϫ 10 8 genomic particles of AAV per side. Viruses contained a gene encoding the fluorescent marker mCherry gene, and either an shRNA designed to silence CD36, or a control sequence, which did not silence any known gene. Injections were made into the VMH over 10 min per side (n ϭ 9 or 10/group). P5 pups were anesthetized by lowering their body temperature in ice to 7°C (neck temperature). They were placed into a stereotaxic instrument with a neonatal rat adaptor (Stoelting, Wood Dale, IL), in which the base plate was cooled using a 30% ethanol/dry ice bath to maintain a temperature of 10°C. P21 rats were anesthetized with chloropent (chloral hydrate ϩ Nembutal) and placed in an adult stereotaxic frame (Kopf Instrument, Tujunga, CA). Tilt was adjusted so that bregma and lambda were leveled. Infusions were delivered to the coordinates for P5: 2.6 mm caudal to bregma, 0.40 mm lateral to midline, 6.6 mm down from dural surface; and for P21: 2.7 mm caudal to bregma, 0.6 mm lateral to midline, 8.4 mm below dura (VMN), 8.9 mm below dura (ARC), and 0.3 mm lateral to midline, as previously described (27) .
In Vivo Effects of P21 DR and DIO VMH CD36 Depletion
Rats injected at P21 were fed a 45% fat diet for 10 wk. During weeks 9 and 10, rats were assessed for their glucose responses to systemic 2-deoxyglucose, refeeding after a 24-h fast and an oral glucose tolerance test (OGTT). Terminally, rats were decapitated, and the brains were harvested for micropunch of specific brain areas followed by real-time quantitative PCR (QPCR). Trunk blood was collected for glucose, insulin, leptin, free FA, and ␤-hydroxybutyrate. Retroperitoneal, perirenal, mesenteric, and epididymal fat pads were weighed as representative of visceral fat, and inguinal pads were taken as representative of subcutaneous fat.
Measurement of OA and Glucose-Induced Changes in Intracellular Ca 2ϩ ([Ca 2ϩ ]i) Oscillations in Dissociated VMN Neurons
Rats were injected in the VMH at P5 with AAV expressing CD36 shRNA. At P21-P28, they were perfused with an ice-cold oxygenated (95% O2-5% CO2) perfusion buffer (in mmol/l: 2.5 KCl, 1.25 NaH2PO4, 28.0 NaHCO3, 7.0 MgCl2, 0.5 CaCl2, 7.0 glucose, 1.0 ascorbate, 3.0 pyruvate, and 233 sucrose), the VMN was bilaterally punched from VMH slices, and neurons were dissociated, as previously described (22, 27, 28) . Evaluation of glucose-and OA-induced alterations in [Ca 2ϩ ]i oscillations in individual VMN neurons, which expressed mCherry (see Adeno-Associated Viral Vectors) were assessed using fura-2 acetoxy-methyl ester (Life Technologies, Grand Island, NY), as previously described (22, 27, 28) . Neurons were classified as GE, GI, and non-glucosensing and as OA-excited (OAE), -inhibited (OAI), or nonresponsive using previously established criteria for changes in [Ca 2ϩ ]i area under the curve (AUC) (22, 27, 28) . Studies began with neurons held at 2.5 mmol/l glucose. Changes in [Ca 2ϩ ]i fluctuations in response to glucose and OA were assessed over 10-min periods after the addition of each substance. All neurons were incubated with 20 nmol/l of glutamate terminally to ensure that they were functionally viable.
In Vivo Effects of P5 DIO VMH CD36 Depletion
Rats injected at P5 were weaned at 3 wk of age onto chow for 7 wk, followed by 7 wk on a 45% fat diet. After each diet period, rats underwent an OGTT. Terminally, rats were decapitated, and the brains were harvested for micropunch of specific brain areas followed by QPCR. Trunk blood was collected for glucose, insulin, leptin, free FA, and ␤-hydroxybutyrate. Retroperitoneal, perirenal, mesenteric, and epididymal fat pads were weighed as representative of visceral fat, and inguinal pads were taken as representative of subcutaneous fat. Liver and muscle were assessed for their triglyceride content. Liver triglycerides were stained with O-red oil and counterstained with hematoxylin.
OGTT
During the last week of each diet period, in both P5-and P21-injected rats, food was removed 2 h prior to light onset, rats were gavaged with 2 g/kg glucose, and blood was sampled by tail nip at 15, 30, 60, 90, and 120 min for glucose and insulin. Insulin sensitivity index was calculated according to the Matsuda and DeFronzo formula: 10,000/square root of (fasting glucose ϫ fasting insulin) ϫ (mean glucose ϫ mean insulin during OGTT) (42) .
Glucoprivic Test
During the final week, food was removed from P21-injected DR and DIO rats 2 h prior to light onset, and rats were injected subcutaneously with 200 mg/kg of 2-deoxy-D-glucose (2DG). Blood was sampled by tail nip at 30, 60, 90, and 120 min for glucose.
Refeeding Test
In P21-injected rats, during the 8th wk on a 45% fat diet, DR and DIO rats were fasted for 24 h and then refed with a 45% fat diet. Food was measured at 4 h and 24 h.
Assays of Insulin, Leptin, Free FA, ␤-Hydroxybutyrate, and Glucose
Plasma insulin and leptin levels were analyzed with radioimmunoassay kits (Linco, Carlsbad, CA). Plasma free FA and ␤-hydroxybutyrate levels were analyzed using a colorimetric assay (Wako, Richmond, VA). Plasma blood glucose was measured using a glucose Analox instrument (Lunenburg, MA).
Triglycerides Assay in Liver and Muscle
Triglycerides were measured in liver and muscle tissue, according to the manufacturer's protocol (Cayman, Ann Arbor, MI). Briefly, 400 mg of tissue was homogenized and centrifuged at 10,000 g for 10 min at 4°C. The supernatant was then assayed colorimetrically at 540 nm.
O-Red Oil Staining and Hematoxylin Counterstained
Liver was cut in 10-m sections and air dried onto the untreated slide. Slides were fixed in 10% formalin for 1 h and rinsed with water and isopropanol. They were then stained with O-red oil for 15 min at room temperature and rinsed with water before being counterstained with hematoxylin for 1 min (24) . Slides were rinsed with running tap water for 10 min and coverslipped with a 10% glycerol/PBS solution.
Gene Expression in Dissociated VMH Neurons and VMN and ARC Micropunches
After determination of neuronal glucose and FA sensing, 120 l of lysis buffer (Ambion, Austin, TX) were added to the dissociated neurons, and mRNA was quantified by QPCR, as previously described (20, 27, 28, 38) . The resultant cDNA was analyzed using TaqMan MGB primer/ probes sets targeting gene involved in glucose and FA metabolism (27, 28) . Data were expressed as the ratio of the gene of interest relative to the housekeeping gene, cyclophilin (20, 27, 28, 38) .
Statistics
Responses of neurons to changes in glucose and OA were compared using 2 statistics (GraphPad Prism, La Jolla, CA). One-way and two-way ANOVA and ANOVA for repeated measures with post hoc Bonferroni corrections were used for the in vivo studies. Outliers were removed if necessary (Systat, Chicago, IL).
RESULTS
Effects of Depleting VMH CD36 at P21 in DIO and DR Rats
Physiological effects of VMH CD36 depletion. After 10 wk on a 45% fat diet, DIO VMH AAV CD36 shRNA rats ate 10% more and gained 7% more weight than controls (F 1,12 ϭ 29.872; P Ͻ 0.0001) ( Table 1 , Fig. 1, A and B) . On the other hand, DR VMH AAV CD36 shRNA rats ate the same amount of food but gained 9% less weight than controls (F 1,13 ϭ 4.682, P Ͻ 0.05; Table 1 , Fig. 1, A and B) . Overall, VMH injections of AAV CD36 shRNA induced an increase in total fat mass (as a percentage of body weight) in DR rats by 40% and DIO rats by 28% compared with controls (Table 1 ). In VMH AAV CD36 shRNA rats, visceral mesenteric fat pads (as a percentage of body weight) were increased by 28% in DR and 50% in DIO, while subcutaneous inguinal fat pads were increased by 64% in both DR and DIO VMH AAV CD36 shRNA rats, suggesting that DR rats tended to distribute more of their added adiposity to their subcutaneous rather than visceral depots than did DIO rats (Table 1) . In keeping with their increased overall adiposity, leptin levels were elevated by 115% in DR and by 212% in DIO VMH AAV CD36 shRNA rats compared with their respective controls ( Table 1) . DIO controls and DIO VMH AAV CD36 shRNA leptin levels were higher than comparable DR control rat levels (Table 1) . Finally, depletion of VMH CD36 in DR caused them to have the same amount of body fat and leptin levels as DIO controls (Table 1) . Whereas depleting VMH CD36 caused DR and DIO rats to become more obese than their respective controls, it also stunted their linear growth by 8% and 7%, respectively (Table 1) . Importantly, VMH CD36 depletion did not alter serum FFA levels in DIO and DR rats. However, serum ketone levels represented by ␤-hydroxybutyrate were lower in DR VMH AAV CD36 rats (Table 1) .
Although basal fasting glucose levels did not differ among the groups in association with their increased adiposity (Table  1) , basal fasting insulin levels were 80% higher in DIO VMH AAV CD36 shRNA rats than their controls (Table 1) . During an OGTT, glucose and insulin levels remained elevated over the entire 120-min test in DIO VMH AAV CD36 shRNA rats (Fig. 2, A and B) and glucose and insulin AUCs were increased by 118% and 148%, respectively (Table 1) . This resulted in a 61% decrease in their insulin sensitivity indexes compared with their controls (Table 1) . On the other hand, VMH CD36 depletion had no effect on glucose or insulin levels or insulin sensitivity as assessed by an OGTT in DR rats (Table 1) .
To assess the potential effects of VMH CD36 depletion on the counterregulatory response to glucoprivation, 2DG was administered systemically during the last week of the study. Overall, DIO rats had a greater hyperglycemic response to 2DG (F 1,23 ϭ 6.88; P ϭ 0.017; Fig. 3 ) than DR. The main Fig. 2 . Oral glucose tolerance test (2 g/kg) was performed after 9 wk on 45% fat diet in DIO AAV control (n ϭ 7), DIO AAV CD36 shRNA (n ϭ 8), DR AAV control (n ϭ 8) and DR AAV CD36 shRNA (n ϭ 8) rats injected in the VMH at 3 wk of age. Parameters with different letter superscripts (a, b, c) differ from each other at the P Ͻ 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were found by two-way ANOVA. (Fig. 3A) .
Refeeding after a 24-h fast was assessed after 8 wk on a 45% fat diet. Overall, DIO rats ate more than DR rats during 24 h of refeeding (F 1,27 ϭ 37.727; P ϭ 0.0001; Fig. 4 ). VMH CD36 depletion caused DR rats to eat 23% less at 4 h and 20% less over 24 h of refeeding than their controls. VMH CD36 depletion had less of an effect on DIO rats, which ate comparable amounts over 1 h and 4 h, and only 8% less than their comparable controls over 24 h of refeeding (Fig. 4) .
Effects of VMH CD36 depletion at P21 on DIO and DR VMH gene expression. Gene expression of proteins involved in glucose and FA metabolism, as well as neuropeptides controlling food intake were assessed in DIO and DR, as previously published in our outbred rat study (27) . VMH injection of AAV expressing CD36 shRNA at P21 resulted in 66% and 64% reduction in VMH (ARC ϩ VMH) CD36 mRNA expression after 10 wk on a 45% fat diet in DR and DIO compared with their respective controls ( Table 2 ). This was associated with a 58% and 57% reduction in DR and DIO agouti-related protein (AgRP), a 47% decrease in DR and DIO proopiomelanocortin (POMC), and a 15% and 34% increase in DR and DIO glucokinase mRNA expression compared with their respective controls ( Table 2 ). Expression of FA transport protein 2 (FATP2) mRNA was increased by 56% and 100%, and FATP4 expression was increased by 13% and 25% in DR and DIO VMH CD36-depleted rats compared with their respective controls ( Table 2 ). Other genes involved in FA metabolism were analyzed but were not affected by VMH CD36 depletion.
Effect of VMH CD36 Depletion at P5 on DR and DIO Neuronal Gene Expression and Glucose and FA Sensing
The first set of studies assessed the effects of depleting VMH CD36 at P21, after hypothalamic development is largely completed (7). We next assessed the effects of depleting VMH CD36 beginning during the early postnatal period (P5), when important hypothalamic pathways are still developing; we assessed the effects of VMH depletion on neuronal FA sensing and the resultant effects on the regulation of energy and glucose homeostasis in DIO vs. DR rats. Thus, DIO and DR neonates were injected in the VMH with AAV CD36 shRNA Fig. 4 . Refeeding was assessed at 1 h, 4 h, and 24 h after a 24-h fast after 8 wk on a 45% fat diet in DIO AAV control (n ϭ 7), DIO AAV CD36 shRNA (n ϭ 8), DR AAV control (n ϭ 8), and DR AAV CD36 shRNA (n ϭ 8) rats injected in the VMH at 3 wk of age. Parameters with different letter superscripts (a, b, c, d) differ from each other at the P Ͻ 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were found by two-way ANOVA. Data are expressed as means Ϯ SE of duplicate determinations expressed relative to the amount of the mRNA expression of the housekeeping gene, cyclophilin. n ϭ 7 or 8/group. NPY, neuropeptide Y; AgRP, agouti-related protein; FATP, fatty acid transport protein 2; CPT, carnitine palmitoyltransferase; CoA, coenzyme A; HSL, hormone-sensitive lipase; UCP2, uncoupling protein 2. Parameters with different letter superscripts (a, b) differ from each other at the P Ͻ 0.05 level by post hoc Bonferroni adjustment after significant intergroup differences were found by two-way ANOVA.
at P5 and either had their VMH neuronal FA sensing properties assessed at P21-P23 in vitro. An additional group of DIO rats were injected in the VMH with AAV CD36 shRNA at P5 and then were followed in vivo on a low-or high-fat diet to assess their regulation of energy and glucose homeostasis. At P21, VMH neurons were dissociated and assessed for their capacity to sense OA at 0.1, 15, and 100 nmol/l in 2.5 mM glucose (29), followed by an assay of changes in gene expression in pooled neurons. VMH AAV CD36 shRNA injections at P5 depleted DR and DIO CD36 by 58% and 40% at P21-P28, respectively. This was associated with an 88% and 52% increase in DR and DIO FATP2 mRNA expression, respectively, without significant effects on the expression of neuropeptide Y (NPY), AgRP, POMC, or glucokinase (Table 3) . At this age, DIO VMH neurons had a 6 -9-fold greater expression of NPY than DR neurons (Table 3 ). VMH CD36 depletion had no effect on the proportion of GE or GI neurons in either DIO or DR rats (Table 4) , a result comparable to what we previously found in VMH CD36-depleted Sprague-Dawley rats (27) . On the other hand, VMH CD36 depletion altered neuronal FA sensing over a range of 0.1, 15, and 100 nmol/l OA (Table 4) . When considered independently of their glucosensing status, there was no effect of VMH CD36 depletion on the proportion of VMH neurons that were excited or inhibited by OA in DIO and DR rats (Table 4) . However, as a function of their glucosensing properties, the proportion of GE neurons from VMH CD36-depleted DIO rats that were excited by OA (OAE) was reduced by 50%, while there was no effect on OA responses in GI neurons (Table 4) . In DR rats, VMH CD36 depletion reduced the proportion of GE neurons that was inhibited by OA (OAI) by 81% compared with controls (Table 4) . VMH CD36 depletion had no effect on the percentage of GI neurons that were excited or inhibited by OA in DIO rats (Table 4 ). There was an overall phenotype effect on neuronal FA sensing. DIO rats had 24% fewer GE neurons that were excited by OA than did DR rats, while, in DIO VMH CD36-depleted GE neurons, there were 60% fewer that were OA-excited, but 400% more that were inhibited by OA than in DR VMH CD36-depleted rats (Table 4) .
Physiological, Metabolic, and Molecular Effects of P5 VMH CD36 Depletion in DIO Rats
The majority of physiological and metabolic abnormalities caused by depleting VMH CD36 beginning at P21 were observed in DIO rats. Furthermore, when VMH CD36 was depleted at P5, more abnormalities of neuronal FA sensing occurred in DIO than DR rats. For that reason, we further assessed the effects of early neonatal depletion of VMH CD36 on glucose and energy metabolism in DIO rats. VMH CD36 depletion at P5 had no effect on intake of either chow or 45% fat diet but was associated with an 18% decrease in body weight gain on chow but not on 45% fat diet (Table 5 , Fig. 5 ). Despite the lack of difference in overall body weight gain or final body weight, DIO rats depleted of VMH CD36 at P5 had 9% more total fat mass (as a percentage of body weight; Table  5 ). This increase in fat mass was almost completely accounted for by a selective 45% increase in subcutaneous (inguinal) fat (Table 5) . Paradoxically, the decrease in body weight gain after 7 wk on chow in VMH CD36-deleted DIO rats was associated with 134% higher leptin levels, while the increase in total fat mass after another 7 wk on 45% fat diet resulted in no differences in leptin levels (Table 5) . Nor did CD36 depletion alter overall linear growth (naso-anal length; Table 5 ) as it did in DIO rats with VMH CD36 depletion beginning at P21. Importantly, P5 VMH CD36 depletion was associated with a 34% and 39% decrease in insulin sensitivity (insulin sensitivity index) after 7 wk on chow and 45% fat diet, respectively (Table 5 ). This reduction in insulin sensitivity in VMH CD36-depleted DIO rats was likely due to a marked infiltration of the DR and DIO rats were injected with control AAV or AAV CD36 shRNA in the VMH at P5, and dissociated VMH neurons were assessed by fura-2 calcium imaging at P21-P28. Neurons were first classified by glucosensing categories by alterations in [Ca 2ϩ ]i oscillations, as glucose was changed from 2.5 to 0.5 to 2.5 mmol/l and then for fatty acid sensing to 0.1, 15, and 100 nmol/l oleic acid (OA) at 2.5 mmol/l glucose. Neurons were classified as OA excited (OAE), inhibited (OAI), or nonresponsive (OAN). Data are expressed as means Ϯ SE percent of total neurons tested in each category. GE, glucose excited; GI, glucose inhibited; NG, nonglucosensing. Total ϭ total percent of each category of neurons at each glucose concentration, irrespective of their glucosensing properties with the number of neurons tested in each group divided by the total number tested in parentheses. n ϭ 8 rats/group. *P Ͻ 0. liver with fat, as demonstrated using oil-red O stain (Fig. 6 ) and a 71% increase in liver triglycerides compared with controls (Table 5) . On the other hand, there was no apparent infiltration of muscle by ectopic fat in these rats (Table 5) . Many of the marked alterations in neuronal FA sensing at P21-P28 (Table 4 ) and physiological, metabolic (Fig. 5 , Table  5 ), and molecular (Table 6 ) abnormalities after exposure to chow and 45% fat diets (Fig. 5, Table 5 ) in DIO rats injected at P5 in the VMH with AAV CD36 shRNA were similar to those seen in DIO rats injected at P21. However, there was no significant depletion of VMH CD36 expression in AAV CD36 shRNA-injected rats (Table 6 ). Given the marked changes in physiology, metabolism, and molecular expression, it is likely that there was significant depletion of VMH CD36 at some point during development but that this depletion had waned by 14 wk after injection. The possibility that FA transport into VMH neurons was impaired by depleting CD36-mediated FA transport was suggested by a likely compensatory increase in the expression of other established FA transporters (FATP1, FATP2, and FATP6) in the ARC and VMN of DIO rats injected at P5. As with P21-injected rats (Table 2) , there was also decreased ARC AgRP expression (Table 6 ). In addition, the possibility of enhanced neuronal glucosensing was suggested by increased VMN expression of the Kir6.2 subunit of the K ATP channel and of GLUT4. On the other hand, ARC AMPK␣ 2 expression was decreased in VMH CD36-depleted vs. control DIO rats (Table 6) .
DISCUSSION
In these studies we demonstrate that depleting CD36 in the VMH of DR and DIO rats using an AAV expressing CD36 shRNA, beginning at either P5 or P21, had variable deleterious effects on neuronal FA sensing, carcass adiposity, adipose deposition, and linear growth depending upon underlying genotype and age at injection. These VMH CD36-induced alterations were more marked in DIO rats, which alone demonstrated hyperphagia and severe insulin resistance. Thus, whereas DR CD36 rats injected at P21 became fatter than both DR and DIO controls, they also became obese without becoming hyperphagic or insulin-resistant. After long-term exposure to 45% fat diet, VMH CD36 depletion was associated with a likely compensatory increase in the expression of various members of the FATP family, as well as glucokinase, the rate-limiting enzyme in neuronal glucosensing (11, 20) . While this might suggest that FA sensing would be spared while glucosensing would be altered, both DR and DIO rats injected at P5 had reduced neuronal FA with no effects on glucosensing at P21-P28. DR rats had reduced numbers of GE neurons that were inhibited by OA, while DIO rats had reduced numbers of GE neurons that were excited by OA. This is in keeping with our previous finding that neuronal FA sensing is mediated predominantly by the receptor-mediated function of CD36 rather than its FA transport function required for intracellular neuronal FA metabolism (27) . Finally, although P5 VMH AAV CD36 shRNA injections led to a number of physiological, metabolic, and molecular changes and reduced neuronal CD36 expression at P21-P28 in both DR and DIO rats, by the time similarly injected DIO rats were examined after 7 wk on chow and 7 wk on 45% fat diet, there was no longer any evidence of VMH CD36 depletion. This suggests the possibility that epigenetic events, such as DNA methylation or histone acetylation, might occur whereby early life interference with CD36-mediated FA sensing causes persistent alterations in physiological and metabolic functions that outlive the initial CD36 depletion. On the other hand, P5 VMH AAV CD36 shRNA injections might also have altered the anatomical development of critical ARC-paraventricular hypothalamic pathways since this circuitry is developing and neurons are still differentiating during the first 2 wk of postnatal life in rodents (7) . Such anatomical changes might also cause long-lasting changes in physiological and metabolic functions. These types of epigenetic and/or anatomical changes are in keeping with Baker's hypothesis that stimuli or events that occur during critical periods of development can shape future health and disease (5). An important outcome of these studies is that, despite the absence of hyperphagia, VMH CD36 depletion caused DR rats to become more obese, i.e., have higher adiposity and leptin levels, than DIO controls and as obese as hyperphagic VMH CD36-depleted DIO rats. The increase in fat mass without an increase in food intake or body weight gain seen in VMH CD36-depleted DR rats suggests that they had decreased energy expenditure. There are many ways this phenomenon could occur. These include reductions in physical activity, resting metabolic rate, diet-induced thermogenesis, and/or sympathetic activity. DR rats are extremely obesity-resistant (34, 37) . The only other known manipulation that causes them to become persistently obese is cross-fostering of DR pups to obese DIO dams (16) . In that case, the development of obesity was associated with elevated ARC AgRP expression, hyperphagia, and insulin resistance when fed a 31% fat diet. Here, the CD36-depleted DR rats, like VMH CD36-depleted Sprague-Dawley rats in our previous studies (27) , deposited a large amount of fat (64% more than controls) primarily in their subcutaneous (inguinal) adipose depots. However, the Sprague-Dawley rats still became markedly insulin-resistant (27) , while the DR rats here retained their insulin sensitivity despite additional significant deposition of fat in their visceral (mesenteric) adipose depots (28% more than controls). As in many past studies (32) (33) (34) (35) (36) 51) , DIO rats deposit much more fat in their visceral depots and become insulin-resistant compared with DR rats when fed a high-fat diet. However, even though VMH CD36-depleted DIO rats also deposited a large amount of fat in their subcutaneous depots, which should have conferred some protection from insulin resistance (43), they still became markedly more insulin-resistant than their controls. Although hepatic lipid deposition was not assessed in DR vs. DIO rats injected at P21, the heavier livers (as a percent of body weight) in both DIO groups vs. DR rats and the marked hepatic triglyceride deposition of DIO rats injected at P5 makes it likely that hepatic steatosis accounts for the insulin resistance of both control and VMH CD36-depleted DIO rats injected at P21 (25, 56) . This deposition of excess fat in the liver could be due to increased release of FA from the visceral fat depots into the portal vein (45, 56) . Another effect of hyperinsulinemia and hyperglycemia that occurs in DIO rats is the inhibition ␤-oxidation of FA and the promotion of lipogenesis in the liver (52) . Indeed, insulin is the primary stimulator of hepatic lipogenesis through activation of the sterol regulatory elementbinding protein-1c transcription factor (13) .
In the gut, FAT/CD36 functions as a FA transporter, as well as being a receptor or sensor (15, 40, 41) . Thus, although we have shown previously that CD36 is the primary mediator of VMH neuronal FA sensing (27) , the loss of its function as a FA transporter might be compensated for by increasing the expression (and function) of other FA transporters such as FATP4 in VMH micropunches and FATP2 in dissociated VMH neurons from both DR and DIO rats. However, it is not known whether CD36 has a FA transport function in neurons, and while increased expression of FATPs might have compensated for loss of CD36-mediated FA transport and downstream FA metabolism, FA oxidation has only a minor role in neuronal FA sensing (28) . Thus, it was not surprising that depleting CD36 still altered FA sensing in DR and DIO rats despite increases in FATP expression. VMH CD36 depletion also reduced mRNA expression of the anabolic peptide AgRP and the catabolic peptide POMC in both DR and DIO rats injected at P21. VMH CD36 depletion similarly altered VMH neuronal FA sensing and decreased both AgRP and POMC expression in Sprague-Dawley rats (27) . These results lend support to the contention that decreased peptide expression was a direct result of impaired FA sensing by POMC and AgRP neurons. Raised leptin levels in both VMH CD36-depleted DR and DIO rats could not account for these changes since this should have increased rather than decreased POMC expression (4, 57, 58) . Also, since expression of both peptides was decreased in both DR and DIO rats, it is unlikely that this altered expression, per se, was responsible for the hyperphagia of CD36-depleted DIO, but not DR rats.
Finally, given the increase in VMH glucokinase expression after long-term depletion of VMH CD36 in both DIO and DR rats, it is possible that VMH neuronal glucosensing was impaired and might have contributed to their systemic metabolic abnormalities (11, 12, 20, 21, 31) . However, over shorter periods, P5 VMH AAV CD36 shRNA injections caused no changes in glucokinase expression or neuronal glucosensing at P21-P28. Despite this, the impairments of neuronal FA sensing were totally a function of the glucosensing phenotype of the neurons examined. As in Sprague-Dawley rats (27) , CD36 depletion significantly altered FA sensing only in GE neurons in DIO and DR rats. However, since both GE and GI neurons still responded to FA, it is clear that there are alternate pathways mediating VMH neuronal FA sensing. Our previous data (27, 28) suggest that some of these responses are mediated by intraneuronal FA oxidation, some of which is likely to be downstream of increased FA transport produced by the compensatory increase in FATPs seen here. In addition, VMH CD36 depletion stunted linear growth in DIO and DR rats. This suggests a role for VMH CD36-mediated FA sensing in mediating linear growth, possibly by an effect on growth hormone secretion. AgRP neurons contain growth hormone-secretagogue receptor that are activated by ghrelin and that induce growth hormone secretion (8, 62) . Thus, the decrease in AgRP expression in VMH CD36-depleted DR and DIO rats might have contributed to their decreased linear growth (9, 49). 
Perspectives and Significance
Specialized hypothalamic metabolic sensing neurons respond to changes in ambient brain levels of substrates such as glucose and FAs as signaling molecules to alter their activity (20, 28) . While some FA-sensing neurons are regulated by alterations in intracellular FA metabolism, more than half of the signaling effects of long-chain FAs in VMN neurons is initiated by their binding to the FA transporter-receptor, FAT/ CD36 (27) . Using molecular manipulations to deplete CD36 in the VMH of selectively bred DR and DIO rats, we have demonstrated the importance of CD36 as a key regulator of energy and glucose homeostasis, fat depot repartitioning, and as a regulator of linear growth in a genotype-dependent fashion. For example, neuronal FA sensing in DIO rats was more affected by VMH CD36 depletion than in DR rats, and such depletion caused DIO rats to become more hyperphagic, obese, and insulin-resistant than their controls. On the other hand, VMH CD36-depleted DR rats were not hyperphagic and gained no more weight but still became as obese as control DIO rats on a high-fat diet. These changes occurred with selective redistribution of fat into subcutaneous depot with maintenance of normal insulin sensitivity compared with their controls. Such findings support a critical role for genotypedependent, VMH CD36-mediated FA sensing in the regulation of both energy and glucose homeostasis, They also suggest that further assessment of energy expenditure and sympathetic activity in liver and adipose tissue are warranted to elucidate the mechanisms that underlie these CD36-induced metabolic alterations. Such studies should provide important insights into the ways in which lipids and high-fat diets affect the regulation of energy and glucose homeostasis and contribute to the growing epidemics of obesity and diabetes in the world.
